ABSTRACT: Analyses of a 16 year time-series (1985)(1986)(1987)(1988)(1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000) of mesozooplankton abundance in the Chesapeake Bay reveal the influence of freshwater flow on species composition and abundance. Trend analysis and linear mixed-effects regression models were used to assess long-term variation in, and influence of water-quality parameters (modulated by freshwater input) on, the monthly mean abundance of the 2 dominant copepod species Acartia tonsa and Eurytemora affinis. There were no long-term trends in abundance of either copepod species, with the exception of a slight downward trend for A. tonsa in the mesohaline region of the northern Chesapeake Bay. There were no longterm trends in temperature, but there was a downward trend in salinity related to a wet period in the late 1990s. Linear mixed-effects models showed a negative correlation between freshwater input and A. tonsa abundance in the oligohaline region, and no significant relationship between other waterquality parameters and A. tonsa abundance in the mesohaline region. A. tonsa abundance was positively correlated with temperature in the polyhaline region. E. affinis abundance in the oligohaline region was negatively correlated with biovolume of the ctenophore Mnemiopsis leidyi and positively correlated with phytoplankton abundance. A negative correlation with salinity and a positive correlation with turbidity were found for E. affinis in the mesohaline region. While years of above-average freshwater input were characterized in the spring by high abundances of E. affinis in the mesohaline region and low abundances of A. tonsa in the oligohaline region, the former may show a lagged response depending on the time and magnitude of the input. Freshwater input appears to be mainly influencing habitat parameters specific to each copepod species and top-down control by predators.
INTRODUCTION
The Susquehanna and Potomac Rivers account for approximately 50 and 16%, respectively, of the overall freshwater discharge into the Chesapeake Bay (Schubel & Pritchard 1986) . The rivers deliver nutrients and suspended material to the Bay, with peak flows usually occurring during the spring. Freshwater input influences both timing and magnitude of the spring phytoplankton bloom in the Chesapeake Bay (Malone et al. 1988 ) and in other estuarine systems (Mallin et al. 1993 , Jassby & Powell 1994 . Changes in freshwater discharge stimulate estuarine primary production (Flint 1985) , cause major trophic shifts (Livingston et al. 1997 ) and influence the abundance of estuarine organisms (Kimmerer 2002) . However, the influence of freshwater input on the mesozooplankton community in the Chesapeake Bay has not been rigorously assessed. Mesozooplankton (200 µm to 2 mm; Sieburth et al. 1978) play an important role in linking estuarine primary production to fish production. The Chesapeake Bay mesozooplankton community is dominated by 2 calanoid copepod species, Acartia tonsa and Eurytemora affinis (Brownlee & Jacobs 1987) . We hypothesize that the timing and magnitude of freshwater input is an important factor influencing the distribution and abundance of these 2 species in the Chesapeake Bay. We predict that freshwater input alters both bottom-up and top-down pathways that influence the abundance of A. tonsa and E. affinis. Thus, physical forcing of habitat changes and trophic linkages are both important factors modulated by freshwater input.
The Chesapeake Bay Program (CBP) has been monitoring mesozooplankton abundance in Chesapeake Bay since August 1984. Recently, it was reported that summer abundances of mesozooplankton were declining in the mesohaline region of the Bay, and mesozooplankton species diversity was decreasing in many tributaries and in the main stem of the northern Chesapeake Bay (Workshop on Trophic Change in Chesapeake Bay Open Water Habitat 1998).
In order to assess the status of mesozooplankton in the main stem Chesapeake Bay, we examined longterm trends in Acartia tonsa and Eurytemora affinis abundance. Our goal was to examine the spatial, seasonal and interannual variability for each copepod species in relation to variation in freshwater flow into the Bay. During the past 16 yr, mean annual freshwater input into the entire Bay has shown considerable variability (Fig. 1) . Thus, a natural experiment has occurred over the time-series allowing us to assess the impacts of 'wet' and 'dry' periods on mesozooplankton abundance and community composition.
We addressed the following questions: Is there a relationship between hydrologic conditions and mesozooplankton abundance and community composition? If such a relationship exists, is it possible to relate mesozooplankton abundance and composition to water-quality and biological variables in order to determine variables influencing copepod abundance? Answers to these questions will allow investigators to make inferences about how estuarine mesozooplankton communities will respond to hydrologic changes and how these impacts may affect other trophic levels (Aleem 1972 , Montagna & Kalke 1992 .
MATERIALS AND METHODS
Data collection. Mesozooplankton abundance and water quality data spanning 16 yr (1985 to 2000) were acquired from the CBP (CBP 2000, also available at www.chesapeakebay.net). Mesozooplankton were collected by oblique 5 min tows using 202 µm bongo nets that sampled the entire water column. Samples were enumerated (number m ) and identified to species and developmental stage. Maryland (MD) and Virginia (VA) used different enumeration methods to calculate mesozooplankton abundance (CBP 2000 , ICPRB 2000 . As a result, the VA data contains underestimates of the abundance of smaller species (e.g. Bosmina spp.) and narrow species (e.g. Acartia spp. copepodites; CBP 2000 , ICPRB 2000 . The VA mesozooplankton data used in our analyses must be considered an approximate abundance estimate only and, because of the loss of smaller species, it was not possible to compare relative abundance of Acartia tonsa and Eurytemora affinis at the VA stations. However, the 'data provide a meaningful status and trend assessments within each state' (ICPRB 2000) and are used in this capacity in our study.
Water-quality data consisted of several parameters: salinity, water temperature (°C), Secchi depth (m), chlorophyll a (chl a, µg l ) and the ctenophore Mnemiopsis leidyi biovolume (ml m -3 ) were also included in the analysis. Methods and equipment used to measure some variables have changed over time. A detailed description of collection and analysis procedures for all CBP data may be found at http://www.chesapeakebay.net/data/index.htm (CBP 2000) . The analysis was conducted on data representing 8 stations (Table 1) in the main stem of the Chesapeake Bay (Fig. 2) . These stations ranged from oligohaline (0.5 to 5.0 PSU), through mesohaline (5.0 to 18.0 PSU) to polyhaline (>18.0 PSU). Susquehanna River discharge was measured at the Conowingo Dam gauging station and data were acquired from the United States Geological Survey (www.usgs.gov). ) into the Chesapeake Bay. Bounded region at center of graph represents the median range (1st to 3rd quantile) of freshwater discharge values. Yearly discharges above the 3rd quantile are considered wet years and discharges below the 1st quantile are considered dry years. Error bars represent SE Overall freshwater input into the Chesapeake Bay was taken from United States Geological Survey estimates (Bue 1968) . Data analysis. A mean monthly value for each waterquality parameter was calculated by combining the surface (approx. 1 m) and bottom (approx. 1 m above the bottom) water column measurements. This was done because mesozooplankton collections were oblique tows of the whole water column. The CBP cruises typically sampled mesozooplankton and water quality once per month. However, there were periods when sampling was conducted on a biweekly basis or not at all. Periods that are under-represented in the data set are primarily the winter months (Dec, Jan and Feb) in the latter years of the data set. Monthly arithmetic averages were taken for all water-quality variables. There were gaps in the time-series when monthly cruises were not conducted. The monthly arithmetic mean was taken for all mesozooplankton species regardless of life stage, thus the mesozooplankton represented the overall monthly mean abundance for each taxa. Data were transformed where appropriate to ensure normality. The Box-Cox equations were used to select an appropriate transformation for all water-quality parameters (Sokal & Rohlf 1995) . Mesozooplankton (adults and copepodites) data were log 10 (x+1) transformed to retain zero values. Some water-quality parameters contained censored values. A censored value occurs when a measurement is below the detection limit of an instrument and is reported as a less than (<) value. The majority of waterquality parameters measured in the northern Chesapeake Bay had less than 2% of the values censored (e.g. DO = 0.12%, chl a = 1.37%, TSS = 1.5%, TP = 1.68%, Si = 1.4%). Total nitrogen had the highest percentage of censored values (6.7%). In order to account for censored values, the value representing the limit of detection was used in the analysis.
Mesozooplankton and water-quality data were grouped by month and by sampling station. Analysis of variance was used to examine spatial (station) and temporal (season and year) variation in Acartia tonsa and Eurytemora affinis abundance. Trend estimations were conducted on the mean monthly abundance for A. tonsa and E. affinis using the seasonal Kendall test for trend. This test was conducted on non-transformed abundance data to remove seasonal effects on the trend estimation. The seasonal patterns of abundance of A. tonsa and E. affinis were shown by calculating the mean monthly abundance for each species using data from the 4 upper Bay stations (CB2.2, CB3.3C, CB4.3C and CB5.2). Seasonal Kendall trend tests were also conducted on the 16 yr time-series of salinity and temperature. Species composition was examined by taking the yearly arithmetic mean for the dominant (95% by abundance) mesozooplankton species found at each station. Due to the large amount of inter-correlation among water-quality parameters, principal components (PC) analysis was conducted on water-quality parameters at each station. The PC analysis produced a new set of linearly recombined variables and reduced the number of variables used in regression models. PCs were produced using a correlation matrix of the Monthly Eurytemora affinis and Acartia tonsa abundance was modeled using linear mixed-effects models. Linear mixed-effects models are linear regression models used to assess grouped data (Pinheiro & Bates 2000) . Mixed-effects models combine the fixed-effects (repeated levels of experimental factors or groups) and random-effects (Pinheiro & Bates 2000) . Here, the data consisted of repeated monthly measures made at several fixed locations. The use of individual station data in the models allowed us to fix the effect of time in the model. The mixed-effects analysis was used because it reduces serial correlation present in the data, a common feature of time-series. In order to assess the level of serial correlation present in the data after model fitting, the residuals from all linear mixedeffects models were tested for serial correlation using the Rank von Neumann test (Venables & Ripley 1999) .
The predictor variables in the model for the MD stations (CB2.2, CB3.3C, CB4.3C, CB5.2) were the waterquality PCs, chl a, primary production, phytoplankton abundance, microzooplankton abundance and biovolume of the ctenophore Mnemiopsis leidyi. The predictor variables used for the VA stations (CB6.1, CB6.4, CB7.3E, CB7.4) were the water-quality PCs and chl a. Partial or incomplete time-series for similar parameters measured in MD were excluded from the analysis in VA. All parameters were estimated using restricted maximum likelihood and treated as random with month (representing time) as the grouping term in the model. All models were constructed using S-PLUS 6.0 statistical analysis software (Insightful). In order to assess model output during 1995 to 2000, mesozooplankton abundance data collected in April, July and October during the University of Maryland's Land Margin Ecosystem Research (LMER): Trophic Interaction in Estuarine Systems (TIES) project were used. The TIES data were collected along axial and lateral transects of the Chesapeake Bay and thus did not correspond directly to the CBP monitoring stations used to construct the models. In order to compare the 2 sets of data, the TIES data were divided into 1 of 6 Chesapeake Bay regions based on latitude after (Harding & Perry 1997 ) and the arithmetic mean abundance was calculated for each region by month. These values were then compared to the linear mixed-effects model output using a simple linear regression and the calculation of root mean square error (RMSE):
where P i is the model predicted value and O i is the observed TIES value.
RESULTS

Analysis of variance
Significant variation in Acartia tonsa could be explained by space and time, as well as interactions (ANOVA). The lowest variability appears to be in the mesohaline region and the most variability in the oligohaline and polyhaline regions (Fig. 3) . The analysis of variance showed that significant interannual variability was present for A. tonsa abundance (Fig. 3) .
[ Positive residuals in 1985, negative residuals in 1997 and a period of high variability in abundance during were seen 1993-1994 (Fig. 3) . Variation in space and time for Eurytemora affinis abundance was primarily a function of station and season, though year effects were significant (ANOVA). Variation in the abundance of E. affinis differed spatially with the highest abundances in the oligohaline and mesohaline regions, and little or no variation in abundance in the polyhaline region (Fig. 4) . E. affinis is not commonly found in high salinity waters, so the low variability in this region reflects low abundance measurements. E. affinis showed the highest variability in the winter-spring period and lowest during summer-fall (Fig. 4) . The interannual variation in E. affinis abundance showed less fluctuation than A. tonsa. The highest interannual variation for E. affinis occurred during several periods: 1990, 1993 to 1994 and 1996 to 1998 (Fig. 4) ; all years of elevated freshwater input or years immediately after a high-flow year (Fig. 1) .
Trend analysis and relative abundance patterns
The seasonal Kendall test for trend revealed no trends in long-term abundance, with the exception of Acartia tonsa at Stn CB5.2 (data not shown) which had a slight downward trend that may have been influenced by the lack of data during 1996 and 1997. The seasonal Kendall test for trend did not reveal any longterm trends in water temperature at any stations. A long-term, downward trend was found for salinity at 6 of the 8 stations (CB4.3, CB5.2, CB6.1, CB6.4, CB7.3E, CB7.4; p < 0.05). Mean monthly abundances of A. tonsa and Eurytemora affinis in the upper Chesapeake Bay showed a seasonal cycle (Fig. 5 ). E. affinis was abundant in the spring and declined as summer approached (Fig. 5) . A. tonsa abundance was low in the spring and increased during summer (Fig. 5) . Yearly average species composition for the middle and upper Bay stations showed considerable variability (Fig. 6 ). E. affinis was represented at Stn CB2.2 during most years and was present at Stns CB3.3C and CB4.3C only during periods of high freshwater flow (Fig. 6) . At Stn CB3.3C, the large yearly averaged abundances of E. affinis stood out during 1996 and 1997. Despite being found only during the winter-spring period (Fig. 5) , abundances of E. affinis were so high during 1996 to 1998 that the zero abundances recorded during the summer and fall had little impact on the yearly average (Fig. 6 ). E. affinis was also seen at Stn CB3. 3C during 1990, 1991 and 1993 to 1995 (Fig. 6) ; all years of elevated flow or years immediately following higher flows (Fig. 1) . Stations further from the major source of freshwater (Susque- hanna River) had high E. affinis abundances during high-flow periods (Fig. 6) . At Stn CB4.3C, E. affinis was found in 1993, 1994 and 1996 to 1998, but abundances were lower during the same period compared to CB3.3C (Fig. 6) . However, there were high numbers of E. affinis present during 1997 (Fig. 6) suggesting a lag response following the wet year of 1996 (Fig. 1) . Finally, at Stn CB5.2, low E. affinis abundances were seen during 1993 to 1994 (Fig. 6 ), but were not detected during the other elevated spring-flow periods (e.g. 1990 to 1991). Unfortunately, no mesozooplankton data was collected from 1996 through June of 1998 at this station, missing a potentially rare event of high E. affinis abundance.
Principal component analysis
The proportion of variance among the water-quality variables explained by the combined principal components for each station ranged from 0.71 to 0.81 (data not shown). The PCs represented major forcing functions acting in the Bay. The contribution of each individual variable can be seen in the PC loading values ( Table 2) . The Stn CB2.2 had 2 principal components, PC1 being primarily related to freshwater flow. Freshwater flow lowered salinity, water temperature and the Secchi depth and increased TSS and DO (by lowering the water temperature), and delivered nutrients (N, P and Si). PC 2 is primarily related to temperature and dissolved oxygen. A strong negative relationship between temperature and DO is due to the effect of temperature on oxygen solubility and also the prevalence of anoxia in the Chesapeake Bay during the summer months due to microbial activity (Roman et al. 1993) . However, DO is not completely, positively correlated with increasing freshwater input, as increased flow can also lead to strong stratification and low DO values in bottom waters. TSS measurements fluctuated in the oligohaline region due to variations in physical properties and bathymetry that lead to the formation and movement of an estuarine turbidity maximum (Roman et al. 2001) . Stations south of CB2.2 had similar PC results. As these areas are more highly variable in terms of salinity and tidal influence, an additional PC was extracted from the analyses. For these stations, PC1 represented flow (negative loading for these stations), temperature and DO (negative loading); PC2 represented salinity (negative loading) and Secchi depth (negative loading). PC3 is represented by the TSS-TP relationship that changes seasonally in the mesohaline region or the increasing influence of ocean salinity in the polyhaline region (Table 2) . 
Linear mixed-effects models
The mixed-effects models found little or no relationship between Acartia tonsa abundance and waterquality parameters for most of the stations (Table 3) . However, at Stn CB2.2, A. tonsa abundance was negatively correlated to PC1 (flow) and positively correlated to primary production (Table 3) . Flow appeared to have a negative effect on A. tonsa abundance, as elevated freshwater input led to lower salinities. This negative impact may also be due to competition with Eurytemora affinis which achieves high abundances during high freshwater input. Relationships between A. tonsa abundance and water-quality parameters in the mesohaline region were not found. A. tonsa showed some relationship with PC1 (temperature) in the polyhaline region, particularly in the more southern stations (Table 3) . Several other variables were significant, but not consistently so across stations within regions (Table 3 ); therefore they were not likely to be related to A. tonsa abundance.
Residuals from the Acartia tonsa linear mixedeffects models were not serially correlated at any station in the northern Bay (Rank von Neumann test: CB2.2, p = 0.14; CB3.3C, p = 0.06; CB4.3C, p = 0.96; CB5.2, p = 0.42). Southern Bay stations showed more seasonality in abundance, and the mixed-effects model residuals for these stations were serially correlated (Rank von Neumann test: CB6.1, p < 0.05; CB6.4, p < 0.05; CB7.3E, p < 0.05; CB7.4, p < 0.05), potentially obscuring some relationships. The model output showed that the abundance of A. tonsa increased in the summer and fall and declined during the winter and spring (Fig. 7) . TIES data have been included in the model output (Fig. 7) during the years 1995 to 2000. TIES data appeared to match the model output for Stn CB2.2, northern Bay (Fig. 7) . Spring values for A. tonsa abundance were predominantly below model predictions at Stn CB3.3C (Fig. 7) . Two values of A. tonsa abundance were above the model predictions in 1997 and 1998 at Stn CB4.3C. The TIES data also provided A. tonsa abundance values for the period 1996 to 1998 at Stn CB5.2 (Fig. 7) . TIES abundance data were consistently higher than the model output in the southern Bay stations (Fig. 7) . This was expected, as the VA method for mesozooplankton enumeration underestimated the abundance at these stations (ICPRB 2000) . Overall, model diagnostics showed very poor fits for the A. tonsa models (Table 4 ). The only exception was Stn CB2.2, which showed some agreement between the model and TIES data ( The model output emphasized the peak in Eurytemora affinis abundance during the spring in the northern Bay (Fig. 8 ). Abundances were high in the spring and low or zero during the summer and fall. In general, the TIES data appeared to match the model output fairly well; however some differences can be noted. High abundances of E. affinis were seen during late 1996, the extremely wet year (Fig. 1) , at all stations (Fig. 8) . The model predicted low or zero abundances for this period. TIES data also showed high E. affinis abundance at Stn CB5.2 during the 1996 to 1998 period (Fig. 8) . The models agreed with E. affinis TIES values quite well in the mesohaline region and showed little agreement for the southern Chesapeake Bay stations (Table 6 ). Ctenophore abundance also seemed to be related to freshwater input. Biovolume of Mnemiopsis leidyi was elevated in wet years (Fig. 9) . The wet periods 1993, 1994 and 1996 to 1998 had higher M. leidyi levels at the mesohaline stations. 
DISCUSSION
Acartia tonsa and Eurytemora affinis showed no apparent trend in abundance over the 16 yr monitoring period. The slight downward trend seen at Stn CB5.2 is likely biased by the absence of data during 1996 to 1998 when sampling was not conducted. While each species showed spatial, seasonal and interannual variability, the overall abundance of both species appears to have remained unchanged over the 16 yr timeseries. The lack of trends in each species may be due to the short length of the time-series. Harding & Perry (1997) were able to demonstrate a long-term increase in phytoplankton biomass in the Chesapeake Bay Table 3 Fig. 8. Eurytemora affinis. Log 10 (x + 1) transformed abundance (number m -3 ) fitted by linear mixed-effects models for the northern Bay stations ( s) and abundance from TIES data (F) using a monthly data set of approximately 50 yr. The 16 yr CBP time-series may not be long enough to show any recent changes in abundance. There was no long-term trend in water temperature. However, a long-term decline in salinity was found during the study period, highlighting the influence of the recent wet period in Chesapeake Bay.
The overall influence of freshwater input on Acartia tonsa and Eurytemora affinis in Chesapeake Bay can be viewed as a combination of top-down and bottom-up effects that are spatially dependent (Fig. 10) . Freshwater input appeared to have little impact on the abundance of A. tonsa, as this copepod species did not respond to increasing freshwater input except in the oligohaline region of the Bay (Fig. 7 , Stn CB2.2). This reduction was apparently due to a drop in salinity and temperature during the winterspring period and possible removal (flushing out) of the copepod from the region (Fig. 10, mechanism 1 ). Food limitation due to lower phytoplankton abundance or chl a does not appear to be a likely factor limiting populations of A. tonsa in this region (Table 3) , as no food-related variables were significant in the model (Fig. 10, mechanisms 2 and 3) . White & Roman (1992) found that the best predictor of A. tonsa egg production in Chesapeake Bay was temperature, not chl a concentration. This agrees in part with our findings as A. tonsa populations decreased with lowered salinities and temperatures and were correlated with temperature at the southern Bay stations (Table 3) . Freshwater input can cause greater stratification of DO. This stratification can lead to low DO levels in bottom waters as temperatures increase and has been shown to cause egg mortality in A. tonsa (Roman et al. 1993 ). Thus, it may depend on the location of A. tonsa populations in the water column as to whether lowered DO has an impact. The use of oblique tow data precludes knowledge of the exact location of sampled mesozooplankton in the water column. Overall, A. tonsa experiences relatively little year-to-year variation in average monthly abundance in the mesohaline portion of the northern Chesapeake Bay and only seasonal variation in the southern Bay. Higher than average spring flows tend to be correlated with high Eurytemora affinis abundances and persistence of E. affinis populations for longer periods of time (Fig. 6) . High spring flows also result in E. affinis displacement of E. affinis estuary southwards within the ( Fig. 8; Fig. 10 , mechanism 1); this can be extensive, as was seen in 1997 (Fig. 6) . High flows late in the year can lead to E. affinis populations persisting into the fall, when they are not normally found (Fig. 8, Stn CB3.3C ). Furthermore, the high freshwater input seen in the fall of 1996 may have resulted in higher populations in the spring of 1997 (Fig. 6) . The large increase in E. affinis abundance seen during 1997 may be due to the hatching of diapause eggs (Hairston 1996) . Fall flow appears to be important because 1998 had extremely high monthly flows in the spring and below average flows during the fall months. As a result, large abundances of E. affinis were not seen during the fall of 1998 or the spring of 1999 (Fig. 6 , Stns CB3.3C and CB4.3C). The increase in E. affinis abundance during high freshwater input may be linked to an increase in preferred habitat: low salinity, low temperature and increased turbidity (Fig. 10 , mechanism 1; Bradley 1991). The increase may also be linked to an increase in the levels of organic matter (Fig. 10 , mechanism 2) that leads to high particle-attached bacteria levels, particularly in the estuarine turbidity maximum region (Fig. 10, mechanism 3 ; Crump et al. 1998 ). The increase in E. affinis abundance would have a positive impact on anadromous fish larvae, such as Morone saxatilis (striped bass) and M. americana (white perch) that use the northern Bay and its tributaries as a larval nursery ground (Fig. 10, mechanism 4) . The larvae of striped bass and white perch are normally located within 10 km of the estuarine turbidity maximum (North & Houde 2001 ) and E. affinis is an important food source in this region. One study estimated that 58, 53 and 99% of the prey organisms M. saxatilis consumed in the Choptank River, Maryland during 1983 , 1984 respectively were E. affinis (Uphoff 1989) .
Acartia tonsa and Eurytemora affinis inhabit similar regions of the northern Chesapeake Bay and are dominant at different times of the year (Bradley 1991) . A zone of seasonal succession exists (between salinities of 2 to 18) for the 2 species in which E. affinis is dominant in the winter-spring and A. tonsa in the summerfall (Bradley 1991) . It has been hypothesized that salinity and temperature are controlling seasonal succession between the 2 species (Bradley 1991 , Kimmel & Bradley 2001 . Bradley (1991) reported that E. affinis was abundant at a salinity of 12 at 0°C but not at a salinity of 8 at 25°C; conversely, A. tonsa was abundant at a salinity of 8 at 25°C but not at a salinity of 11 at 1°C. There is no evidence for competition for food resources; however, there is evidence that A. tonsa may feed on E. affinis nauplii (A. Kirby & M. R. Roman unpubl. data). Ambler et al. (1985) described a similar scenario during low and high flow years in the San Francisco Bay, California: during high flows, the range of the euryhaline copepod E. affinis was expanded as the estuary became fresher seaward of the estuarine turbidity maximum; conversely, during low flows, the distribution of E. affinis was restricted to the upper reaches of the Bay and the other dominant copepod, A. tonsa, was found further up the estuary.
The influence of gelatinous predators on mesozooplankton populations may be modulated by freshwater flow in the Chesapeake Bay (Fig. 10, mechanism 4) .
Mnemiopsis leidyi biovolume appears to be higher during periods of increased freshwater input (Fig. 9) . High ctenophore biovolume was seen in 1996 and 1998, both years of elevated spring flow (Fig. 9) . This may be due to lower levels of the main predator of M. leidyi, the sea nettle Chrysaora quinquecirrha (Fig. 10, mechanism 5 ). Cargo & King (1990) found that freshwater input in spring resulted in decreased summer C. quinquecirrha abundances. Thus, high flow years tend to have higher M. leidyi populations as C. quinquecirrha is excluded from the mesohaline Bay due to low salinities. This may explain why A. tonsa populations do not increase in the mesohaline Chesapeake Bay during high-flow years. Despite the fact that high flow can stimulate primary production in the mesohaline Bay region (Harding 1994) , thereby benefiting Acartia tonsa, it may also cause higher M. leidyi biovolumes that reduce A. tonsa populations (Fig. 10, mechanisms 3 and 4) . A decline in A. tonsa populations has a negative impact on fish, such as Bay anchovy (Anchoa mitchelli) populations which rely on A. tonsa nauplii as an important prey item during the summer months (Rilling & Houde 1999 , Jung 2002 . Eurytemora affinis seems to be limited by salinity and temperature during the fall-summer period in the mesohaline Bay but may achieve high abundance in this region during winter-spring freshwater input (Fig. 6) . However, more M. leidyi persist during these flow events and prey on E. affinis. E. affinis reaches these high abundance values early in the spring and at low temperatures possibly avoiding the highest levels of ctenophore abundance, which occur later in the year. If more winter samples were collected, it may be possible to see the effects of mild/wet winters on E. affinis abundances. The combination of increasing salinity, temperature and ctenophore abundances would likely cause E. affinis populations to decline in the summer during high-flow years.
